Magnetic coercivity and ferromagnetic species in lunar materials by Wasilewski, P.
,\
, ':
X-644-72-162\ ,.
PREPRINT
,
\
.- ".
MA'GNEIICCCER<:IVITY "
AND 'FERRC>MAGNETIC'SPECIES
- .
'IN LUNAR MATERIALS
, (
, (NASA:'TM-X':'65953) MAGNETIC COERCIVITY AND
,FERROM~GNETI? SPECIES IN LUNAR MATERIALS
P. Was11ewsk1 (NASA) .Jun. 1972 34 p CSCL
03B
G3/30
PETER WASilEWSKI
/
(.
, ,
'/
-
N72-28849
Unclas
36043
'-_/
j
JUNE 1972 ,\
\
. '
-- GODDARD,'SPACE FUGHTCENTER ----'---
- ; f.., -,
, GREENBElT,MARYlAND
I
,
https://ntrs.nasa.gov/search.jsp?R=19720021199 2020-03-23T08:55:28+00:00Z
'" _ 1
(
?-
':---
r
Magnetic Coercivity and Ferromagnetic Species in Lunar
Materials
Peter Wasilewski*
P1an~to1ogy Branch
Goddard Space Flight Center
Greenbelt, Maryland 20771
*Research Associate Professor at George Washington
University, Washington, D. C.

Abstract:
Lunar samples have reduced coercive force (He)' high
values of RH (ratio of remanent coercive force, HR' to co-
ercive force, He), and constriction in their magnetic hys-
teresis loops due to the presence of superparamagnetic and
multi domain iron grains. These results are consistent
with the observed size distribution of metal in the lunar
samples. The high RH values are also attributable to the
magnetic shape effects of the iron grains. Spheres,
cubes, and needles, as well as more irregular metal grains
have been observed. The coercive force values normally
considered to represent magnetic hardness are Quite mean-
ingless unless the size and shape distributions are deter-
mined. The RH and Rr (ratio of saturation remanence to
saturation magnetization) values can be considered charac-
teristic of the size and shape modes of the ferromagnetic
grains in a natural sample, and a classification of na-
tural materials based on their magnetic hysteresis char-
acteristics is presented with special reference to lunar
samples.
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Introduction:
Lunar crystalline rocks contain iron and troilite,
often found in eutectic intergrowth, ulvospinel, chrome-
spinels, ilmenite, and other iron-bearing phases. It is
quite conceivable that the ordering of impurity cations
in troilite and other iron-bearing phases may render
them ferromagnetic. The lunar fines contain all of the
minerals found in the crystalline rocks, as well as glass
components containing metallic spherules, meteoritic
debris, metallic splatter, and platelet coating due to
deposition of vaporized impact material.
Iron configurations which are easily observed with
an optical "microscope" or scanning electron microscope
are shown diagramatically in Figure lAo These iron con-
figurations are found in the crystalline rocks, in micro-
breccia samples, and as coating on the lunar fines and
rocks. In Table 1 a listing of the different classes
of Fe found in lunar samples is considered from a gene-
tic viewpoint. The observed size range of iron and the
magnetic effects due to size, shape, and composition are
also listed in Table 1.
In ascertaining what Fe-bearing species are respon-
sible for the ferromagnetic properties of lunar materials,
magnetic powder analysis should be utilized (Wasilewski,
1972a) to determine shether the presence of cation substi-
tution in FeS and the various spinels renders them ferro-
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magnetic. This technique is nondestructive and yields
information which cannot be acquired by means of con-
ventional reflected light microscopy.
The distribution of iron in lunar assemblages
ranges from iron dissolved in glass (paramagnetic iron)
o
to free iron in the size range<: 100 A (superparamagnetic)
to millimeter (multidomain) sizes. Constriction in the
magnetic hysteresis loops for lunar samples is observed
and high values of the ratio, RH (remanent coercive force,
HR, to coercive force, Hc ) are obtained (Wasilewski,
1972b, c). The constriction is easily explained as due
to the presence of discrete mixtures of superparamagnetic,
single domain and multidomain components (Wasilewski, 1972b).
The particle shape distribution is also important in ex-
plaining the RH values. The main distinctions between
lunar, terrestrial, and meteoritic materials are present-
ed in this paper based mainly on properties of the mag-
netic hysteresis loops.
Metallic Particles:
Ferromagnetic species exist in lunar samples in
o
three size categories: (a) superparamagnetic (<:100 A),
(b) single domain (~200-1000 1), and (6) multidomain
(several pm or larger). Superparamagnetic particles
are so small that the magnetic anisotropy energy is less
than or approximately the same as the thermal fluctuation
energy at the measuring temperature. Therefore, the
-3-
magnetization is randomly affected by thermal activation,
and these particles exhibit a "pseudoparamagnetic" behavior
(superparamagnetism) with large moments. Single domain
particles are large enough so that they are thermally
stable at measuring temperature with magnetization deter-
mined by the anisotropy energy minimum and particle proper-
ties. Multidomain particles are so large that magnetiza-
tion in low fields occurs by domain wall motion. Super-
paramagnetic particles have zero coercive force and no
hysteresis, the multidomain particles ha7e low coercivity
and hysteresis, and single domain particles have high
coercive force. Accepting that all three size categor-
ies of metallic species exist in lunar material, a
supposition which is probably qUite correct for all lunar
samples, then the magnetization behavior must be consider-
ed in terms of mixtures of the three categories.
Particle Shape ~ ~:
Bean and Jacobs (1960) examined the magnetization
curve of a dilute suspension of multidomain iron powder
(spheres). The experimentally determined saturation
field was 6000 : 200 Oe. in good agreement with the
theoretical value, (41r/3IS l-F = 6150 ± 300), With F,
the volume fraction of ferromagnetic material. Any metal
sphere has a demagnetization factor N = 41r/3 so that the
resultant field, H, inside the sphere is given by H =
Ha-N1S, where Ha is the applied field, and IS the satura-
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tion magnetization. The spherical shape is responsible
for the apparent magnetic hardness in some samples and
gives rise to the high HR values.
Senftle, ~ al. (1964) have reported a field and tem-
perature independent susceptibility at fields 6000 Oe.
for small metallic spheres in tektites at which point
saturation was achieved and the susceptibility is zero.
To examine lunar materials high fields are re~uired and
the characteristic properties of spheres must be consid-
ered in an interpretation. For single domain or multido-
main spheres the same conditions hold, and if the sphere
is polycrystalline, deviations can be expected due to
internal stress and individual crystallite orientations.
Magnetization Curves ~ 1£ Mixtures:
Since we are obviously concerned with mixtures of Fe
particles covering a broad range of sizes, and since the
lunar fines and breccia samples contain glasses with high
iron content, it is important to evaluate nondestructive
methods of magnetic analysis which can yield information
about the relative concentration, size, and shape of Fe
species. Magnetization curves can be used for this pur-
pose. In Figure 2a magnetization curves for a paramagne-
tic, a ferromagnetic, and a mixture of both species are
shown. Curve I is for a small amount of contained ferro-
magnetic impurity and Curve II is a typical curve for a
paramagnetic. These curves can be considered to represent,
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for example, the expected situation for lunar samples.
Curve III is the composition of Curves I and II. The
effect of the ferromagnetic impurity is best evaluated by
extrapolation to H=O. At this point I/v is the saturation
magnetization per unit volume of the mixture, from which
the amount of ferromagnetic impurity (Curve I) can be
evaluated. The shape field (HS) can be evaluated as well
(see Figure g£). Figure g£ is an illustration of the mag-
netization curve for a dilute suspension of multidomain
single crystal iron spheres (after Bean and Jacobs, 1960).
The divisions in the magnetization process are predicted
on the basis of the demagnetization factor for a sphere,
the volume fraction of ferromagnetic material present,
and in the case of polycrystalline spheres the orienta-
tion of individual crysta.ls with respect to the field.
Evaluation of approach to saturation using I vs. H-l
or H-2 plots reveals sharp changes in slope at fields
of about 7000 Oe. for the iron spheres. The approach laws
apparently do not apply for fields below 7000 Oe. In the
lunar samples the approach laws cannot be effectively ap-
plied above or below 7000 Oe. unless corrections are made
because of the shape effect as well as because of the in-
fluence of superparamagnetism, and a significant p:J.ra-
magnetism.
Hysteresis Loops (Experimental Results):
Magnetic hysteresis loops for terrestrial and extra-
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terrestrial natural materials have been measured on a
vibrating sample magnetometer in fields to 16 K. Oe.
Hysteresis loops are presented in Figures 2, 1, 2, and 6.
Natural materials are dilute dispersions of ferromag-
netic phases in a non-magnetic matrix, and in most cases
the dispersion is such that the phases may be considered
as irregular shaped and non-interacting. An added feature
in impactites, lunar materials, and tektites is the pre-
sence of spherical-shaped ferromagnetic phases and super-
paramagnetism. Depending on the amount of spherules and
and superparamagnetism, the magnetization curves will be
modified accordingly.
In most terrestrial samples the field needed for
magnetic saturation is low and the magnetic hysteresis
loop parameters depend on the grain size distribution,
composition, and degree and extent of thermochemical
alteration (Wasilewski, 1969, 1970, 1972). Illustrated
in Figure l are hysteresis loops for samples (a) M01-
a single crystal of Fe304 containing numerous hematite
lamellae; (b) Diorite (798); (c) 557-a continental basalt
which was formerly a magnetic class I (Wasilewski, 1968,
1969) sample, but which has been altered by heating in air
for 60 hours at 6000 C., 850 0 C. for sintering, then an-
nealed at 5000 C; and (d) a synthetic sample (X=0.6) of
titanomagnetite before and after heating. The external
field for saturation is quite lOW, of the order of three
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thousand Oersted at most for terrestrial samples. The
hysteresis increases from MOl to 557 along with coercivity
and remanence.
In contrast to the opps in Figure l we present the
loops for lunar fines (10084-89) and breccia (10021)
(Figure i) (Nagata ~ ~., 1970, 1971). The most strik-
ing feature of these loops is the linear increase in
magnetization with increase in applied field at high
fields. This is due to significant "paramagnetism."
Comparing the fines and breccia powder, another observation
of importance is the point at which the magnetization curve
departs from the linear aspect of the magnetization loop.
For the breccia powder this occurs at about 2 K. Oe.,
while for the fines this occurs at about 8 K. Oe. The
interpretation for this observation is simply that super-
paramagnetism and spherical shaped ferromagnetic phases
are relatively more significant in the fines. Subtract-
ing the paramagnetism from the breccia (10021) loop re-
sults in a saturation at N 2 K. Oe., while for the fines
this is reached at IV 8 K. Oe., as can be seen in the
figure.
The constriction in the low field region of the hys-
teresis loops for breccia powder (10021), fines (10084),
and breccia (10085) is shown in Figure 2. The constric-
tion and reduced coercivity are due to the effect of
mixing components. The effect of adding superparamagnetic
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components of zero Hc and multidomain components of low
Hc along with their high effective magnetization in low
fields results in high HR/Hc values and constriction.
Hysteresis loop parameters for lunar samples, chondrites,
steel spheres (52100) and impactites (Monturaqui) are
listed. in Table 1.
Figure 6 illustrates hysteresis loops for a poly-
crystalline steel sphere, the Forest City Bronzite chon-
drite (H5-Van Schmus and Wood, 1967), and the Allende
carbanaceous chondrite (Clarke et al., 1970). Alloy
additions in the FeNi system, along with the chemical
gradients and particle shape,will all cause complications
in evaluation of the magnetization curves, particularly
the approach to saturation and behavior in the low field
region. The effects of shock and Ni content are present-
ly being evaluated, so that quantitative analyses of
chondrites and iron meteorites can be made.
Shape Fields:
The aspect of the magnetization curves which is
important in evaluating initially the role of shape ani-
sotropy is the field HS mentioned earlier in the discus-
sion of lunar fines and breccia. This may be best un-
derstood by reference to Figure ~ which illustrates curves
for the sphere and the chondrites. The field HS is that
field which marks departure of the curve from linearity
and is directly related to particle shape (i.e., the
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shape demagnetizing factor). This field varies for dif-
ferent materials,and for a specific shape is dependent
on saturation magnetization (IS)' For example, the sa-
turation field HS for a sphere of iron (47r/3·IS) is
about 3.5 times that for a magnetite sphere. Examin-
ing a curve such as illustrated for the lunar fines
(Figure i)immediately produces the interpretation that
(a) high IS phases are present and (b) high shape de-
magnetizing fields are involved. There is no way in
which a terrestrial sample, except for rare samples which
do contain iron, can have a curve resembling the lunar
fines.
Reduced Coercivity:
Any rock can be considered as a dilute mixture of
ferromagnetic particles of irregular shape with a dis-
tribution of grain sizes dispersed in a nonmagnetic sili-
cate matrix in such a manner that magnetic interactions
between grains may be neglected. Since it is fairly
well established that Fe is ubiquitous and of variable
mode of origin, producing particles ranging in size from
superparamagnetic to mUltidomain, it is necessary to
evaluate the effect of this broad range of Fe particles
o("'-100 A to...,l mm) on the coercivity.
Superparamagnetic particles have Hc=O; single domain
particles have Hc=103_104, depending on the anisotropy,
and the Hc of multidomain particles is of the order of
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10. ~hus we can consider the treatment of Kneller and
Luborsky (1963) who defined the He of superparamagnetic
(SP) and multidomain (MD) species to be equal to zero.
The coercivity of a mixture (He) of SD and either
SP or MD particles is then Hc=Hc(l+ Hcq/IR E/ l-E -1,
where Hc=coercivity of SD particles, IR=IR(OO)' q=(NMS)-l
for MD, q=(VMS/3KT) for SP particles, and E equals con-
centration of SF or MD particles (see Kneller and Lu-
borsky, 1963). In Figure ~ a series of curves relat-
ing Hc/Hc to the concentration of zero coercivity par-
ticles with Hc'q/IR as the parameter. These curves
are in good agreement with the data of Meikeljohn (1953)
(see Figure 7b). From the figure it can be seen that the
SP particles reduce the coercive force more than MD parti-
cles for the same concentration. This is in agreement
with the fact that MD particles will have a finite dis-
tribution of coercivities and different magnetization
curves compared to SP particles.
I,uborsky and Lawrence (1961) measured the satura-
o
tionmagnetization of iron particles < 100 A in diameter.
Extremely high fields were necessary to saturate the sam-
ples at 3000 K. Even at 760 K. fields of> 50 K. Oe. were
necessary to unambiguously determine the saturation mag-
netization. The maximum Hc for Fe occurs at a particle
odiameter of ~130 A (Luborsky and Paine, 1960). From
electron microscope observations (R. M. Fuller, private
-11-
communication) and consideration of the general mode of
formation of spherules of iron in impactites, and the
further added aspect of high vacuum deposition (low P02)
in a lunar environment and where particles of glass and
rock may fall through an aerosol of vaporized material,
it is clear that a complete range of particle sizes from
superparamagnetic to multidomain are found in the lunar
material. Thus the hysteresis behavior, including observed
constriction, can be explained on the basis of the particle
sizes and shapes of high IS material of varying mode of
origin.
Coercivity Ratio iBHsllRLffol:
For a random assembly of uniaxial particles reversing
magnetization by ooherent rotation, the value of RH=1.094
(Wohlfarth, 1958). For planar or spherically random
assemblies of independent, identical,uniaxial particles
reversing magnetization by coherent rotation, ourling, or
fanning the ratio RH lies between 1.0 and 1.2 (Luborsky
and Morelook, 1964). Variations in this ratio can be
accounted for by considering the effeot of the distri-
bution of critical fields. Gaunt (1960) calculated a max-
imum RH=2.02, assuming a broad rectangular distribution
of critical fields.
Values of RH greater than the predicted values can
be obtained by (a) a significant zero coercivity super-
paramagnetic component and (b) a multidomain component.
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Values of RH greater than 10 have been obtained by
Lothian et ~. (1958) in Cu-Co alloys and is ascribed to
superparamagnetism. This can be understood by reference
to our previous consideration of reduced coercivity due
to the presence of SP and MD components (Figure 1).
HR is related to the critical field HO at which
a discontinuous change in the direction of magnetization
occurs, but this argument may not apply to bulk material.
Bate (1961) also demonstrated that the maximum HR and
minimum He occurred in a measurement perpendicular to
the direction of alignment in partially aligned y FeZ03
particles. In evaluating the magnetic properties of a
precipitation alloy (Gold-Cobalt) Gaunt (1960) found the
particle anisotropy distribution to be important in de-
termining the ratio RH• However, his calculations are a
modification of the Stoner-Wohlfarth (1948) calculations,
and, as mentioned, a maximum value of 2.02 is predicted.
He does, however, make reference to the work of Lothian
et ~. (1958), who obtained RH values> 10 for Cu-Co
alloys. The explanation for the high values is in the
significance of a superparamagnetic contribution which
affects H but not HR.
The effect of mixing components on RH and the rela-
tive insignificance of coercive force as a parameter is
clearly indicated in the data listed in Table II. The
presence of shape anisotropy, particularly the presence
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of spheres of high IS material, will also have an extreme
influence on the RH value. For all samples in Table II,
i.e., basalt, diorite, lunar microbreccia (ME), and a
precipitation alloy, the coercive force (He) is 125 Oe.,
but as can be seen, the HR values vary from 200 Oe. to
900 Oe. and the RH value from 1.6 to 7.2. It is also
clear that as RH increases, RI decreases. The range in
hysteresis parameters for terrestrial and lunar materials
is listed in Table fll.
Effective anisotropy and the physical characteristics
of the particle mixtures are most important in explaining
the RH value:
a. superparamagnetic phases
b. exchange anisotropy
c. multidomain phases
d. shock induced anisotropy
e. particle shapes
f. saturation magnetization of the phases.
Constriction in Hysteresis Loops:
To simulate the presence of variable coercivity
mixtures (Wasilewski., 19:'7·0, 1971)in igneous rocks, two
discs, A and B, were assembled and measured as a cylinder
after being measured independently. Results of the
measurements are illustrated in Figure §, and informa-
tion on the two discs is listed in Table lY. In Table lY
IM(a)/IM(b)=3.7 and Hc (a)/Hc (b)=0.12. Thus, if A is a
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component with Hc=HcA, and B is a component with H=HcB,
where HQA <HcB' it has been demonstrated (Wasilewski,
1970, 1971) that
HR/Hc(A+B» HR/Hc(A» HR/Hc(B).
If discrete mixtures are present, loop constriction is
observed. The RH variation with grain size in magnetite
was first demonstrated by Parry (1965) who showed that the
ratio RH for large grains is greater than RH for small
grains.
Concerning the values of HR and Hc for igneous rocks,
another contribution due to the anisotropic rhombohedral
d~composition products must be considered. This consid-
eration is not applicable in the case of lunar samples,
since the RH data for the ilmenite-hematite series is ex-
plainea in terms of the Fe203 content (Wasilewski, 1970).
Relationships !££ All Natural Materials:
There are basic differences between lunar, terrestrial,
and meteoritic samples, as well as differences within each
of the above natural groups. These differences are mani-
fest in the hysteresis properties of the samples. Figures
2 and 10 illustrate plots of He vs. HR and RI vs. RH re-
spectively. In these diagrams the distinctions between
lunar and terrestrial rocks are clarly made. In the He
vs. HR plot (Figure 2) lines are drawn which correspond
to specific RH values. The terrestrial basalts lie in
the range 1.2<.RH<2.0, the diorites in the region 2.0
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RH<4.0, and lunar materials RH>4.0. With the excep-
tion of Calliham, all chondrites have RH values> 10.0.
The samples with Hc=125 Oe. (Table II) fallon the dotted
line in Figure~. Explanation of the varying RH values
for samples of constant Hc (=125 Oe.) lies in the grain
size and shape distributions of discrete components. More
accurately, the real explanation resides in consideration
of the effective coercivity distributions, but to delimit
each effective distribution requires more detailed experi-
mental work. A magnetization curve for a natural material
can be considered as made up of four effective components,
each of which has a discrete response to an applied field.
vf'(H)=vSDf(H)+vspf(H)+vMDf(H)+r/H
where v=the volume fraction and f(H)=the magnetization
response for specific components to H. Subscript' SD-
single domain, SP-superparamagnetic, MD=multidomain, and
r/H is the paramagnetic component. Each component, if
discrete, has its o\~ curve, and if present as a mixture,
it should be easily evaluated, but in practice the parti-
cle size distributions ~ not single valued, and grain
shape would complex any interpretation, even if the
volume of different shaped particles were constant. In
Figure 10 the values Rr vs. RH are plotted, and this plot
locates the various types of natural materials based on
hysteresis loop data.
Much theoretical work has been devoted to the RH
-1-6-
value (see reviews by Wohlfarth, 1963, and Kneller, 1969).
According to the Stoner-Wohlfarth model (1948), the RH
value should be 1.094 (Wohlfarth, 1958); while for a
rectangular anisotropy distribution applied to Gold-
Cobalt precipitation alloys, the maximum RH value is 2.02
(Gaunt, 1958). The natural samples which fall in the
region 1.0<RH<2.0 are basaltic rocks (Wasilewski, 1972).
Coarser grained terrestrial samples, such as diorites fall
in the range 2.0<RH< 5.0, the lunar samples have RH>
5.0, and the chondrites have RH values;> 10.0, with the
exception of carbonaceous chondrites and those which are
highly altered.
<2.0 range from
The RI values
0.25 to 0.80,
within the region 1.0<RH
while for RH> 2.0 the RI
values range from'" 0.2 down to 0.0005. There are essen-
tially three regions which can be defined based on RI and
RH values. The one contains the basaltic rocks, the second
the diorites and granites, and the third, lunar samples
and chondrites.
The microscopic coercivity spectrum is associated
with an anisotropy spectrum, and it is necessary to re-
late the coercivity to a grain shape spectrum as well to
completely evaluate RH• The coercivity spectrum depends
on the grain size, state of strain, chemical homogeneity,
and grain shape. If interactions are important, the RH
value will also be influenced (Wohlfarth, 1963).
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Discussion:
In highly reducing environment it is expected that
discrete iron particles of extremely small dimensions
would be distributed in a glass of high iron content. In
fact, as Shaw and Heasley (1967) pointed out, superpara-
magnetic Fe203 and ferrites can form in repidly cooled
silicate melts. Metallic iron particles ranging from
o
~lOO A to millimeter size dimensions are expected and,
indeed, are identified (Nagata, ~ ~., 1970). Also,
because of the wide range of particle sizes it may be
somewhat difficult to precisely evaluate the superpara-
magnetism by techniques such as the classical HIT super-
position principle. The existence of superparamagnetism
is not uniquely defined by the RH values such as have
been measured for the lunar samples. Simulation with
terrestrial rocks demonstrates that hysteresis loop con-
striction and high RH values can be achieved by mixtures
of discrete high and low coercivity components. The theo-
retical explanation of Kneller and Luborsky (1963), who
consider the manner in which the coercivity is reduced
in mixtures of sing~ domain with superparamagnetic or
multidomain particles, is invoked to explain the high RH
values and the constriction in lunar materials.
Another feature of magnetization experiments on
lunar samples and impactites in general concerns the
spherical shape of the metallic particles. At fields
-18-
less than about 7000 Oe. the spherical particle has an
internal field 41r/3 Is such that the particle will show
field independence at low fields. In all chondrites and
in lunar samples the approach to saturation is a more
complex phenomenon because of the presence of Fe and
FeNi and the corresponding effect due to spheres and
other shapes in materials of high saturation magnetization.
Conclusions:
1. All hysteresis loops for lunar materials have
reduced Hc and high RH values as a consequence of dis-
crete individual components in a mixture of ferromagnetic
components.
2. The loop constriction in the lunar samples is
a consequence of the presence of discrete components of
high, low, and zero coercivity in the mixture.
3. Superparamagnetism reduces Hc more than multi-
domain material for equivalent fractions of material.
4. Terrestrial basalts (magnetic Class I) have RI
values ranging from 0.25 to 0.80, RH values ranging from
~1.4 to 2.0, while lunar materials have RI values 0.1
and RH values 5.0. Chondrites have RI values < 0.1 and
RH values~ 10.0 (carbonaceous chondrites and most fines
excluded).
5. Lunar samples compare favorably with precipita-
tion alloys in their RI and RH values except that an add-
ed strong paramagnetic aspect is present in lunar samples.
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6. Simple magnetic property analysis of lunar samples
enables one to quickly evaluate the types and distributions
of various components.
7. We have simulated the conditions which can pro-
duce the RI and RH values in terrestrial and lunar materi-
als and qualitatively can assess the contributions of vari-
ous components in producing loop constriction, reduced co-
ercivity, and variable RH and RI values.
9. A sufficient theoretical basis has been previous-
ly established to explain the reduced coercivity due to
mixtures.
10. The presence of spherical particles of high sa-
turation magnetization in impactites, chondrites, and
lunar samples requires high measuring fields (HA:>7000)
to properly evaluate the samples.
11. Magnetic analysis utilizing hysteresis curves
allows one to separate the various components in a na-
tural assemblage based on the shape of particles.
12. The series of samples with constant He but dif-
ferent HR values clearly demonstrates that He is neither
a critical field nor is it a useful parameter when compar-
ing different types of natural materials which contain
dispersions of ferromagnetic particles.
-20-
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TABLE I
Summary of (a) classes of metal in lunar rocks and fines
based on mode of origin (b) size range of metal particles
in lunar materials and (c) magnetic effects due to varia-
tions in size, shape, and composition of metal in lunar
rocks.
(a) Mode £! Origin £! Metal
Class I
Class II
Class III
Class IV
- primary crystallization
- sub solidus reduction of
- shock melting
- vapor deposition
spinels
(b) Size Range £! Metal
Optical microscopy -
Scanning electron microscopy -
Electron microscopy -
(c) Magnetic Effects
0.5 I'm to
0.051£m to
o 0
10 A, 100 A
1.
2.
3.
Size:
SDPERPARAMAGNETISM-ambient temperature relaxation
effects-temperature dependent blocking temperature
effects over the lunar cycle 1000 K. to 4000 K.-
zero coercivity-reduces coercivity and RH in a
mixture
MULTIDOMAIN-low coercivity-reduces coercivity and
RH in a mixture-time dependent magnetization acqui-
sition in weak fields-source of noise in lunar
samples
SINGLE DOMAIN-high magnetic stability-high coer-
cive force-spectrum variable over the lunar tem-
perature cycle 1000 K. to 4000 K.
~hhpe:peres < 0.05 I'm to 100 '" m; cubes < 1 1£ m to
5 ",m; needle sfiapes with length:diameter ratio
;>10:1; magnetostatically interacting chains of
spheres and platelets
The shape fields HS=NIS change resulting in dis-
crete discontinuities in the magnetization curves.
ComBosition:
FeNlCo variation: Co - 0 to 8%; Ni - 0 to 40%.
Temperature dependent magnetization anomalies-
Curie point variations-variable shock remagneti-
zation mechanisms
TABLE II
Coercivity values for lunar samples, chondrites, steel
sphere, and Monturaqui impactite.
Sample licCOe. ) &(Oe.) fur ~I
Lvnar
12053-47 8 80 10 .004
12070-102 22 450 20.5 .05
10021-32 24 410 17 .1
10084-89 36 460 12.8 .07
10048-55 50 520 10.4 .07
10085-16 125 670 5.4 0.16
Chondrites
Forest City 10 400 40
Beenham 25 700 28 .03
Modoc 75 noo 14.6 .03
Calliham 165 270 1.6 .27
Others
Steel sphere 50 800 16~1onturaqui 90 225 2.5 .07
TABLE ill
Samples with constant Hc values but variable HR values.
Sample Hc liR fur fu:
Basalt 125 200 1.6 .36
Diorite 120 500 4.1 .10
Lunar ME 125 675 5.4 .15
1% Co-Cu 125 900 7.2 .06
TABLE IV
Range of coercivity values for terrestrial and lunar
materials.
Terrestrial Material Lunar Material
min. max. min. ~
Hc 45 420 8 125
HR 140 720 80 670
RH 1.3 5.8 5.4 20.5
RI 0.01 0.80 .004 0.16
A(Soft)
30.27
50
TABI,}; V
B(Har2.1
0.79
420
A+B
0.26
75

FIGURE CAPTIONS
Figure 1 - Examples taken from numerous studies in Pro-
ceedings of Apollo 11 and 12 Lunar Science
Conferences to demonstrate the shape, distri-
bution, and mode of origin of iron in lunar
samples. (In the figure iron is black.)
Figure 2A- Magnetization curves for various discrete
components which may exist in a natural sample.
Figure 2B- Magnetization curve for a mixture of polycrystal-
line iron spheres (after Bean and Jacobs, 1960).
Figure 1
Figure ±
Figure .2.
Figure 6
Figure 1
Figure 8
- Hysteresis loops for natural terrestrial samples
and synthetic titanomagnetite.
A. Single crystal magnetite - MOl
B. Diorite - 798
C. Basalt - 557A
D. Synthetic titanomagnetite (xFe2Ti04·1-xFe304)
x=0.6 before and after heating.
- Magnetic hysteresis loops for lunar fines (10084)
and breccia (10021). The breccia sample is de-
composed into ferromagnetic and paramagnetic
components.
- Portion of low field region of hysteresis loops
for lunar samples: breccia (10021), fines (10084),
and breccia (10085), to illustrate the characteris-
tic loop construction observed in lunar samples.
- Magnetic hysteresis loops for (a) polycrystalline
steel sphere, (b) Forest City chondrite, and
(c) Allende chondrite.
- Experimental and theoretical curves to support
the proposition that mixing superparamagnetic
(SP) and multidomain (MD) material with single
domain (SD) material will reduce coercivity in
the lunar samples.
A. Experimental results (Meikeljohn, 1953)
B. Theoretical curves (Kneller and Luborsky,
1963) (Hc·~/IR=l.O for SD+MD and 3.2 for
SD+SP. )
- Experimental simulation of reduced coerciVity
and loop construction due to mixtures. Samples
557 and CH21-001 have discrete size modes; the
mixture is bimodal.
Figure 2
Figure 10-
Relationship between coercive force (Hc ) and
remanent coercive force (HR) for natural
materials.
Relationship between RT and RH• the hysteresis
ratios. RI is the ratIo of remanent magnetiza-
tion (IR) to saturation magnetization (IS) •
and RH is the ratio of remanent coercive force(HR) ~o coercive force (Hc ).
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